ABSTRACT. Path analysis has been used for establishing selection criteria in genetic breeding programs for several crops. However, it has not been used in eucalyptus breeding programs yet. In the present study, we aimed to identify the wood technology traits that could be used as the criteria for direct and indirect selection of eucalyptus genotypes with high energy density of wood. Twenty-four eucalyptus clones were evaluated in a completely randomized design with five replications. The following traits were assessed: basic wood density, total extractives, lignin content, ash content, nitrogen content, carbon content, hydrogen content, sulfur content, oxygen content, higher calorific power, holocellulose, and energy density. After verifying the variability of all evaluated traits among the clones, a two-dimensional correlation network was used to determine the phenotypic patterns among them. The obtained coefficient of determination (0.94) presented a higher magnitude in relation to the effect of the residual variable, and it served as an excellent model for explaining the genetic effects related to the variations observed in the energy density of wood in all eucalyptus clones. However, for future studies, we recommend evaluating other traits, especially the morphological traits, because of the greater ease in their measurement. Selecting clones with high basic density is the most promising strategy for eucalyptus breeding programs that aim to increase the energy density of wood because of its high heritability and magnitude of the cause-and-effect relationship with this trait.
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INTRODUCTION
One of the greatest known genetic advances in Brazil occurred in the breeding of the genus Eucalyptus (Reis et al., 2011) . This genus has inter and intra-specific variability that expresses diverse anatomical, physical, mechanical, and chemical properties of its wood, making it possible to meet the technological requirements of the most diverse segment of the industrial wood production (Botrel et al., 2007) . Currently, forest breeding programs seek to select superior genotypes in terms of high wood production, as well as other wood quality indices that allow the production of industrialized products with high technological content and, therefore, of high commercial value (Rodrigues et al., 2008) .
Owing to its influence on industrial processes, the energy density of wood is considered as the most important wood quality index. In sectors, such as steel, pulp and paper, and timber, the energy density can significantly contribute to the promotion of process gains and changes in product features (Rodrigues et al., 2008) . Therefore, it is essential to understand the genetic influence on the type, shape, and cellular organization of wood in order to select eucalyptus genotypes with higher energy density. Furthermore, in genetic breeding programs, it is fundamental to establish the correlations between the traits related to the wood quality, because when performing the selection based on one trait, changes occur in the other traits of importance correlated with each other. This is because these correlations do not determine the relative importance of the direct and indirect effects of the traits composing the grain yield (Cruz et al., 2012) .
Path analysis proposed by Wright (1921) allows a better understanding of the association of different traits by the deployment of the correlation coefficients into the direct and indirect effects on the primary trait (Corrar et al., 2007) . Estimates of these effects are obtained by the regression equations with previously standardized variables. However, despite its importance in establishing the selection criteria in breeding programs, path analysis has not been used in eucalyptus breeding to date. Path analysis has been useful for guiding the breeding strategies in several crops with difficult to measure traits, such as the technological traits in cotton (Farias et al., 2016) and sorghum (Lombardi et al., 2015) .
Despite its importance in plant breeding, there are no reports in the literature on the use of path analysis in eucalyptus breeding. Thus, the aim of this study was to identify the wood technology traits that could be used as the criteria for the direct and indirect selection of eucalyptus genotypes with high energy density of wood.
MATERIAL AND METHODS
In a clonal test, 24 eucalyptus clones were evaluated in Martinho Campos (19°19'S and 45°14'W), Minas Gerais, Brazil. This region has an average annual temperature and accumulated annual rainfall of 22°C and 1150 mm, respectively. The area of the clonal test was subjected to the subsoiling process and base fertilization with 300 kg/ha Gafsa phosphate and complementary fertilization with 170 kg/ha NPK formulation 06-30-06. Normal cultivation practices were used for the eucalyptus crop in this region; herbicides were used for weed control and integrated pest management for pest control.
An experimental unit consisted of 10 plants from each clone, and the experiment was conducted in a completely randomized design with five replicates. The following traits were assessed: basic wood density (BD), total extractives (EXT), lignin content (LIG), ash content (ASH), nitrogen content (N), carbon content (C), hydrogen content (H), sulfur content (S), oxygen content (O), higher calorific power (CP), holocellulose (HOL), and energy density (ED).
For verifying the genetic variability among eucalyptus clones, a joint analysis of variance was performed for each trait according to the statistical model described in Equation 1:
where Y ij is the value observed in the i-th clone at j-th replicate; m is the overall mean of the fix effect; C i is the random effect of the i-th clone; and e ij is the random error associated with the Y ij value. Subsequently, for each trait the following parameters were estimated: heritability (Equation 2) and selective accuracy (Equation 3). To graphically express the functional relationship between the estimates of phenotypic correlations between the traits, a correlation network was used, in which the proximity between nodes (traces) was proportional to the absolute value of the correlation between the nodes. The edge thickness was controlled by applying a cut-off value of 0.50, which meant that only |r F | ≥ 0.50 had their edges highlighted. Finally, the positive correlations were highlighted in green, while the negative correlations were represented in red.
Subsequently, the r F were deployed by path analysis into direct and indirect effects, considering the model described in Equation 5:
where Y is the principal dependent variable ED; X 1 , X 2 , ..., X n are the explanatory independent variables; p 1 , p 2 , ..., p n are the coefficients of path analysis. The coefficient of determination (R 2 ) was calculated by using Equation 7:
The degree of multicollinearity of the X'X matrix was established based on its number of conditions (NC), which is the ratio between the largest and the smallest matrix eigenvalue (Montgomery and Peck, 2001) . If NC < 100, the degree of multicollinearity was considered weak, and was not a problem for analysis; if 100 ≤ NC ≤ 1000, the degree of multicollinearity was considered moderate to strong; and if NC > 1000, the degree of multicollinearity was considered severe. All statistical analyses were performed with the GENES application (Cruz, 2013) .
RESULTS AND DISCUSSION
Significant differences (F-test) were observed among the eucalyptus clones for all evaluated traits, indicating the existence of a genetic variability among the evaluated materials (Table 1) . According to the classification established by Cruz et al. (2012) , the estimates of heritability were relatively high (h 2 > 0.80) for the traits EXT, LIG, N, S, CP, HOL, and ED. This indicates that these traits might be promising for the selection of eucalyptus clones with higher ED, since this trait has low heritability (h 2 = 0.81). The estimates of selective accuracy were relatively higher than 0.80 for all traits evaluated. According to the classification established by Resende and Duarte (2007) , all traits were evaluated with high selective accuracy (AS > 0.70), which indicates the suitability of this database for the proposed study.
As shown in Figure 1 , the positive phenotypic correlations were observed between the traits S x N (0.8519), CP x ED (0.5315), ED x EXT (0.5918), BD x EXT (0.5819), and BD x ED (0.9782). The negative phenotypic correlations were observed between the traits O x C (-0.9700), HOL x LIG (-0.8570), C x S (-0.5534), S x BD (-0.5000), S x ED (-0.5095), EXT x H (-0.6899), CIN x EXT (-0.5142), CIN x BD (-0.5312), CIN x CP (-0.5012), and CIN x ED (-0.5699). Similar results were observed in the other studies, which investigated the association between the traits related to the basic density and physico-chemical properties of wood (Brito and Barrichelo, 1977; Trugilho et al., 2001; Kumar et al., 2010; Protásio et al., 2011; Santos et al., 2011) .
It is important to highlight the importance of using the two-dimensional correlation network to detect complex phenotypic patterns that are difficult to extract with other techniques. The efficiency of this innovative technique has already been demonstrated by previous studies (Ursem et al., 2008; DiLeo et al., 2011; Silva et al., 2016) . The main cause of the phenotypic correlation between the two traits was pleiotropism, a property by which a single gene affects more than one trait simultaneously, and linkage disequilibrium, non-random association between alleles of different loci (Mode and Robinson, 1959) . Thus, although important, the coefficient of phenotypic correlation might lead to misunderstandings about the relationship between two traits, and might not be a real measure of the cause and effect. A high or low coefficient of correlation between the two traits might be the result of the effect that a third trait or a group of traits has on the pair of traits, not indicating the exact relative importance of the direct and indirect effects of these factors (Cruz et al., 2012) .
Therefore, we proceeded to perform the path analysis, which investigated the causeand-effect relationship between the traits. Teodoro et al. (2014) indicated that this analysis provides a detailed knowledge about the influences of the traits involved and justifies the 
, and selective accuracy (SA) for the effect of clones and genetic parameters for traits basic wood density (BD), total extractives (EXT), lignin content (LIG), ash content (ASH), nitrogen content (N), carbon content (C), hydrogen content (H), sulfur content (S), oxygen content (O), higher calorific power (CP), holocellulose (HOL), and energy density (ED) assessed in 24 eucalyptus clones. existence of the positive and negative correlations of high and low magnitude among the studied traits. However, to obtain the direct and indirect effects of the path analysis, it is necessary that the matrix X'X be well conditioned. In the presence of multicollinearity, the variances associated with the estimators of path coefficients can reach excessively high values, making the path analysis unreliable. In addition, the parameter estimates might assume absurd values or display no coherence with the studied biological phenomenon (Cruz et al., 2012) . According to the criterion presented by Montgomery and Peck (2001) , the matrix of the estimates of the phenotypic correlations showed a severe multicollinearity because the number of conditions was equal to 1231. Thus, it was necessary to perform the path analysis in crest, by including a constant K = 0.05 to the diagonal of the correlation matrix (Table 2) . In the genetic breeding of eucalyptus, it is important to identify, among the traits with high correlation with ED, those with the greatest direct effect in favor of selection, such that the correlated response through indirect selection proves to be efficient and provides cost reduction of the programs, since the evaluation of this trait is laborious and expensive. Thus, the BD trait was found to be the most important trait because it presented the greatest direct effect on the principal dependent variable (ED), indicating the presence of cause and effect. In addition, the relatively high heritability and ease of measurement of BD than the principal dependent variable might allow a greater success with indirect selection in eucalyptus genetic breeding programs.
It is obvious that the BD trait exerts indirect effects on the other evaluated traits; this might lead to confusion in the selection strategies when analyzing only the coefficients of phenotypic correlations between the traits. For example, a significant positive r F was observed between the EXT and ED traits, which, a priori, indicates that the selection of clones with relatively higher extractive content would result in the indirect selection of clones with relatively higher energy density. However, the effect of this correlation is conditioned by the indirect effect of energy density. These results show the importance of the deployment of phenotypic correlations in the direct and indirect effects by path analysis.
The obtained coefficient of determination (0.99) showed higher magnitude of the effect of the residual variable and demonstrates as an excellent model fit in explaining the genetic effects related to the observed variation in the basic wood density of the evaluated eucalyptus clones. However, for future studies, we recommend the evaluation of other traits, especially the morphological ones, due to the greater ease in their measurement.
